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iNTKoinurioN' 


riu-  K('S(;oi',  Communication  Model  is  i innipuiii-  |>i-<)>'.r.ini  tli.it  tomb  i not; 
t be  RDSCttK  niK'lear  iibenomeno  1 oity  .ind  p rop,i)',.i  l ion  modnli’S  with  .1  p.ick.ip.e 
th.it  simulates  ;i  eommiiii  i c.i  t i on  link  int!  fomiiutil  ion.s  spot  it  if  to  tour 
t vpes  111  ciipilal  modul.it  ion.  lliesi'  .iro:  bin.irv  I retpiency  sliitt  keyinp, 
(KSK),  botii  foiieri'iit  .mil  non-eolierent  , and  bin.irv  [iliase  sbitt  keviiiK 
(I’SK),  both  eoberenl  and  d i f 1 ereii  t i a 1 1 y foiiiriiU  . Ibesi'  lour  wen- 
selected  because  they  ire  app  I i I'.ib  1 e to  .1  l.irtte  number  ol  satellite  com- 
munication systems,  both  turriiU  and  tiiture,  .ind  bec.iuse  mathematical 
models  of  these  processi-s  .an-  readily  available  in  the  literature. 

In  addition  to  the  choice  of  modulation,  the  user  has  a wide  range 
of  ojit  ions  in  setting  iiji  the  link  parameters.  Me  may  seli-ct  antenna 
tvpes,  beam  patterns  and  gains,  RF  frequencies,  bandwldths,  transmitter 
powers,  receiver  noise  factors,  line  lossi-s,  and  bit  r.ates.  He  m.iv 
select  either  plain  .impl  i 1 icat  ion  or  regeneration  (i.e.,  di-modiil  at  ion 
and  ri't  ransmi  ss  ion ) of  the  sign.il  ;U  the  satellite  l rtmsponder  . The 
"ground"  stations  m.iy  bi-  either  stationary  or  mobile,  and  may  be  air- 
borne. If  (;is  is  nsntilly  the  c.ise)  the  receiver  filters  .ire  not  per- 
fectly matched  to  the  sign.ils,  tin-  appropri.ite  mismatch  losses  will  be 
ca  leu  l.ited . If  one  or  more  of  the  .intennas  are  ph.ised  arrays,  the  off- 
boresight  sc.inning  loss  will  hi-  computed.  .Ml  ot  these  are  applicable 
Individually  to  the  uplink  ;ind  downlink  .and  si-parately  to  each  .intenn.i, 
transmitter,  and  receiver  in  the  system. 

The  environmental  etfei’ts  which  .are  modeled  include  1 os.ses  due  to 
absorption  (both  nuc  li-.ar- i ndiiced  .and  .ambient),  retractive  be.im-spread  ing, 
and  dispersion  (iidd  i t ion.a  1 filter  mism.atch  at  the  receivers),  external 
noise  due  to  nuclear  sources,  .atmosplu-r  ic  absorptive  eltects,  g.alactic 
sources,  the  earth,  and  the  sun.  Also  includeil  .are  lorrelated  amplitude 
and  phase  scintillations  due  to  stri.at  ion.s.  The  .amplitude  scintillations 
(fades)  afli-ct  all  types  of  signal  modul.ation  through  the  s igntt  1 - 1 o-no  i si' 
ratios  at  the  receivers;  the  specific  ellfcts  ot  the  phase  scintillations 
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«OCUaN0  PiOl  BUMUttOT  nUiSD 


oil  tlcnuHlii  1 ,U  or  per  I orm.inci'  ;iri’  eon;-,  i do  red  in  del.iil  tor  tlie  I’SK  modula- 
tions. The  most  eomplete  model  is  av.i  i I ati  1 e IDr  till’  ease  of  DI’.SK',  wliere 
the  user  ean  also  choose  either  to  average  tlu'  effec  t of  tin.'  instantaneous 
pti.ase  scintillations  over  the  ensi'mhle  ot  possible  pliase  errors  or  to 
seliTt  a (correlated)  random  sampli'  I roni  l h i •.  miscmihlc’  at  eacli  calculation. 

This  memorandum  briefly  describes  the  mathematical  models  contained 
in  the  ROStK'K  (Communication  Mock‘l.  Althou}',li  tlu'  sources  are  indicated 
whenever  possible,  no  attem(H  has  been  made  to  di-rive  or  justify  these 
formulae  and  algorithms.  To  dc'  so  would  have  multiplied  the  length  of 
this  document  several  fold. 


2 TIIK  I’AKAMJCIKK 

I'lu'  t mul.inu-iit  .1 1 p.ir.inu't  iT  wliiili  caii  lu'  iisi-d  to  dot  or  m i no  t ho  pro- 
port ios  ot  a dip,ital  coimmin  i oat  imi  link  is  , , t lio  ratio  ol  tho  total 
avorapo  roooivod  onorp.v  pio'  signal  olomont  to  tho  noiso  (lowor  por  unit 
bandwidth: 


, = K/N 

o 


(1) 


Ihis  oan  also  bc'  I’xprossi'd  in  torms  ot  othor  im|)ortant  proport  ios  of  tho 
link  by  noting  that 


1 ‘d'^M 


(2) 


whero 


[ 


B 


M 


roooivc'd  s i gna  1 - 1 o-no  i so  ratio 
longth  of  a signal  olomont,  sooonds 
roooivor  If  banilwicith,  Hz 
data  transmission  rato,  bits/sooond 

numbor  of  possiblo  wavoforms  por  transmission:  lor  an 
M-arv  system, 


1 og.jM 

(i) 


Tho  dopondonoo  of  i on  tho  basic  system  and  propagation  puram- 
otors  can  bo  made  explicit  by  recalling  that 


P C C 



(4Ti)^R^l.l,,h^kB(T  + T ) 

12  n , X 


(4) 
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wtu'ff 


by 


and 


where 


1’^  = total  aviTaj’.e  raili.itiil  KK  power  at  transmitting'  antenna 
= sain  ('f  t ransm  i t t i ns  antenna 
(1^  = S^'i'i  ^'1  reeeivins  .intenna 
• = wavelenstli  ot  t ransiiii  1 1 t-d  carrier 

R = distance  I'etweiMi  t ransm  i 1 1 i ns  and  reeeivins  antennas 

I,  = t('tal  propasation  loss  lietween  transmitt  ins  'f'd  re'ceiv- 
ins  antennas 

l.j  = system  loss  between  trtinsmitter  and  transmilt  ins  antenn 

1,^  = line  loss  between  reeeivins  antenna  and  receiver 

k = Boltzmann's  constant 

R = receiver  IF  bandwidth 

T = nominal  system  noise  temperature 
n 

1 = receiver  noise  temper.iture  due  to  all  external  noise 

X 

sou  revs 

The  two  t emi'eratnres  appearins  in  this  equation  are  further  define 


T 


n 


(NF  - 1 )r  + 
o 


(5) 


T = receiver  noise  temperature 
K 

T = physical  temperature  t>f  antenna 
P 


(b) 
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riHiM’vfi'  iioisi- 


N'r  = 

T = ri- 1 I cinix-r.it  iir*-  (T 

O 11 

T = .nuc-nna  luiisf  i ftTipcrat  iirt- 
A 

soiirc'fs 


= 2<)()'’K) 
thu'  to  all 


oxtornai  iioisf 


Kinallv,  it  is  assnnuxl  that  both  link  intfiiiias  ari'  slfcrahlf 
reflortors  pointing;  cliroctly  at  ono  aiiothiT.  It  fitliiT  of  tlie  aiitoniias 

4 

is  a plinseii  array,  tlion  Kq . '♦  must  bo  alu-rod  by  roplaiiiig  the  appro- 
priate gain  f actor,  C , by  ^ cos  n , whore  is  the  horosigfit  gain 

of  the  phased  array  antonna  and  ' is  the  current  of f-bores i ght  beam 
pointing  angle. 

All  of  this  excruciating  detail  has  been  given  here  because  this 
set  of  equations  determines  how  the  communication  system  and  the  propa- 
gation environment  interact  to  produce  the  fundamental  p.irameter.  All 
propagation  effects  can  be  described  by  stat  ing  how  they  affect  either 
I.  or  , and  any  additional  losses  caused  by  demodulator  i)erformance 

in  an  imperfect  environment  are  functions  of  the  received  value  of  f 
before  demodulation. 


The  present  version  of  the  RtfSdOK  Communication  Model  considers 
binary  systems  tjnly.  Thus  M 2 and  c l/i  . I-'ur  t liermore , it 
might  be  worth  noting  that  the  time-bandwidth  produit  is  generally  a 
number  of  the  order  of  unity:  v 1. 
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) I’KOliABI  I ITY  (IK  KJ.lAtKNT  KKKOK 

The  miMsurt"  til  ovt-rall  systi'm  in-rl  onn.in'c'  usi'd  in  I lie  KOSCOF']  (.Dm- 
miinir.it  ion  Modi'l  is  1'  , tin’  pioli.ili  i 1 i t v ol  I'lcnirnl  i-rror.  Kccnil  tliat 

t' 

a di^tit.il  signal  consists  ol  a scqncnco  ot  symbols,  each  of  which  is  made 
lip  lit  a sispu'iico  111  elements.  Kor  e.ich  reii.ived  element  (including 
spaces)  in  tin-  message  the  receiver  makes  .1  judgment,  based  on  tests 
wbich  are  specilic  to  t lu'  particular  signaling  mode  being  used,  as  to 
which  element  was  t ransm i t t I'd . The  probability  that  the  receiver  will 
make  a wrong  judgmiuit  on  a given  eliunent  is  1’^  . It  M 2 each  ele- 
ment conveys  mi're  than  one  bit  of  inlormation,  so  in  general  P is  not 

e 

the  same  thing  as  the  probability  ol  bit  error.  Kor  M = 2 the  distinc- 
tion vanishes. 

(If  course,  approjiriate  coding  can  be  usi'd  to  reduce  the  incidence 
of  message  errors  even  when  P is  imt  insignificant,  hut  coding  is  a 
complex  subject  with  which  we  shall  not  be  concerned  here.  The  element 
error  probability,  P , is  the  final  output  of  each  calculation  in  the 
Communication  Model. 

Kor  each  ot  the  binary  digital  modulation  modes  contained  in  the 
present  KOSCOK  model,  there  is  a simpli'  closisl-form  I’xpression  for  P^^ 
as  a function  of  , alone,  which  can  be  found  in  standard  texts  on  com- 
munication theory  such  as  Kef.  1.  These  .ire: 

Coherent  Phase-Shitt  Keying  (CPSK) 

P * ^ ertcK,  (7a) 

e 2 

Differentially  Coherent  ITi.ise-Sli  i f t Keying  (DPSK) 

P^  = 2 exp(- I ) (7b) 
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( '.ihc  fi -n  t I-' 1 I -iiiii  nr  v-Sh  i I I Kc'viu)> 


1'^^  oi-l.'y,  (7c) 

.\<iri-('ii|icr<'iil  v-Sli  i 1 ! (KKSK) 


where  t-r  t c ( X ) = I - e r I ( x) 

Since  I lu'se  simple  (.'Xpres: . i ems  invelee  eii  I t , they  obviously 

cannot  acioimt  lor  anv  possible  depeii'ience  o|  I'  on  other  variables. 

I ‘ 

As  such  they  ari’  strictly  valid  on  I ‘ tor  isolated  single  elements  in  an 
environniinit  which  is  r-hanv.inp,  very  .lowly  (or  not  at  all)  ri'lative  to 
thi'  eli-ment  length.  For  more  rapid,  but  :;t  ill  sufticientlv  slow,  ampli- 
t udi*  variations  (slow  lading.)  they  in  be  mod  i I i ed  by  i nl  i‘gr;il  i ng  over 
the  prob.ibilitv  distribution  luncti  'U  in  * , it  known.  The  resulting 
expri'ss  i ons  wouUl  then  reiiresent  averagg-  P ovio'  a t inu-  [)eriod  en- 

comp.issing  tn.inv  lades,  and  would  :.o  long.er  In’  a|>propriale  Idr  a deter- 
ministii'  s ing.l  e-pul  se  model.  Whe  . phase  t 1 lie  t ua  I i ons  become  s i gn  i f i i-an  t , 
;is  is  usual  Iv  the  case  when  propac,  ;l  ion  throuj'.ii  a striated  medium  I'ccurs, 
even  more  complicateil  modilicati.  iie  n<aa-s;;arv.  For  I’SK  systems  the 
appropriate  mod  i t i c.al  i ons  have  lieu  tound  in  the  literature  and  incor- 
porated into  the  KItStktF  model.  f I'.SK,  such  motl  i I icat  ions  havi'  not  been 
available  and  ati-  not  included 

It  should  be  emphasixei'  tb.at  K(|s.  7 are  userul  .st.irling  points  lor 

liirther  an.alvsis,  .arid  [irovide  good  baseline  eomiui  t .i  I i ons  even  in  unmodi- 
fied form. 
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■.  AMI’l.l  !■  11  .\1  liiN  UK  KKi.KN'I'KATlON 

S.ilrllili’  I'oniniim  i ' .1 1 i on  i .iliii"'.'  .ilwi.':  .1  proioss  in  which  1 wn 
li  i M cri'iil  st.it  ion-;  >>11  (nc  nc.ii)  cirth  ■ .>111  i.  1 om-  .inol  lu-r  hv  w.iv  ol  .1 
s.itcllitr  st.it  ion  .IS  i lit  o niitsi  i .1 1 V . Tin  c oiiiji  I c I c p.itli  of  coniiinin  i c,i  t i on  . 
tlion,  involves  hotli  .in  uplink  nul  .i  down  I ink.  e.icli  .it  toe  ted  hv  its  indi- 
vidu.il  pfop.in.i  t i on  env  i I onnii-nt  . Isich  link  tleietori'  will  h.ive  its  own 
v.ilue  ot  1’  which  will,  howevi'f,  have  on  I .■  1 polotitial  existence  unless 

i‘ 

the  sii'.n.il  is  .ictn.illv  demodn  1 .1 1 eil  upon  reception  .it  the  link  terminus. 

The  K(’S(T)K  Cotnmun  i c.i  t ion  Model  calculates  the  values  ot  1’  lor 

e 

the  uplink  .ind  the  downlink  .ind  .ilso  lor  the  total  up-iitid-down  communica- 
tion p;ith.  The  way  in  which  the  total  I’  lor  the  receivisl  .-.ignal  is 
determitu'd  ilepends  on  how  the  u|)link  .signal  i .s  jiroct’ssed  at  the  satellite 
bi'tore  re  t rarism  i s.s  i on  t.>  earth.  Theri.'  .ire  t uiid.imen  La  1 1 y two  ways  this 
can  hi'  done:  amplification  or  regener.i  i i on . I'he  KtiSdOli  model  permits 
the  user  to  Select  one  or  the  other  ol  the.se  alternatives;  they  are,  ol 
coiirsi-,  miitii.il  ly  I'xclusive  in  any  given  t r.insmi  ss  i on  . 


The  satellite  t r.insponder  can  amplify  and  retr.ansmit  the  incoming 

signal  without  ever  demodulating  it.  In  lh.it  case,  neither  the  potiui- 

tial  1’  (up)  nor  the  potent  i.al  1’  (down)  ii.ivi'  .111  actii.il  existence;  on  I v 

the  T (total)  exists  and  is  c.ilculated  hv  tiie.ins  of  an  aiipropriate  eipia- 
e 

tion  (e.g.,  F.q.s.  7)  .is  .1  innetion  of  ,(tol,il)  . Letting  , .and  1 
he  till'  liindamental  pa  r.ame  t e rs  for  the  uplink  and  downlink,  respect  ivelv, 
it  is  not  ditliciilt  to  show  that 


, ( t ot  ;i  1 ) = 

Hi  , 

II  u 1 ^ 

h 1 1 1 < 

d d 11 

1-1 

1 

■'d. 

where 

h ■ 

. ‘'.1  ,1 

.iri'  the  IS 

'Sl>ec  t i VI' 

1 i me-handw i d t h product 

(H) 
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On  t hf  iHliiM-  linnd,  it  rtn;<''UT.it  ion  is  nstnl,  llien  t lie  s.itollito 

t r uisponcior  lirst  ilomodn  1 nlt-s  tin.'  inconiinj;  sip.n.il,  llion  imposos  .in  orpii- 

v.nlont  modulation  on  .1  in-w  sij;n.il  wliiih  is  t iMn.sini  1 1 cd  down  to  o.irth. 

Now,  botli  1’  (lip)  and  1’  (down)  liave  coin  r.  to  oxistonco  .and  moaning, 

and  tlio  v.ilno  of  P (tol.il)  n-nst  lio  c.i  I on  I .a  t od  bv  i-aroliillv  combining 
o 

ttiem  in  proper  f.asliion.  1 ho  correct  combin.it  ion  dopond.s  on  the  v.iliio  of 
M for  the  sy.slom;  since  wo  are  concerned  .it  pn-sent  only  witli  binary 
systems,  it  is  easily  seen  tli.at 

I’  (total)  = I’  (up)  + I’  (down)  - 21’  (up)*)’  (down)  (9) 

e e e e e 
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')  I’ROl'AC.AI  ION  AND  rill-  KNV  1 K( )NMl:Nr 

On  its  wav  t rcun  t i insmi  I t i-t  to  rcrt'ivct  the  si>>n.il  is  attcTfi^d  or 

acti-ci  upon  bv  tin-  i-iiv  i ronmi-n  t I hrounh  wliicli  it  |)rop.in.il  os . 'I'lioso  ottocts 

sliow  up  .is  loss  t.K  tor-;  to  ho  mult  i['liod  into  1.  , as  antenna  tempor.i- 

turos  to  hi-  .uKli-d  to  T , ,in:l  .as  phase  ilui  tuitions  whioli  .iflert  some 

A 

t vpos  I't  ol'mmun  i c.i  t i on  -isaitoms  in  more  com]' 1 i r.it  od  w.ays.  Some  .are  spe- 
oifie.illy  rel.atod  to  the  niu-lear  bursts  ,ind  .associated  phenomena:  smoothly- 
v.irviiiK  .'ihsorpt  i (Ml  t.ippo.arinn  .is  ,i  loss  factor  I-,),  fluctiialinK  absorp- 
t ion  due  to  stri.ations  (.ap|io.ir  i up,  .as  correl-ited  I .ados  ch.inpinp  Llie  value 
ot  ,),  bo.im-spri-.id  i np  loss  dispersive  loss  (Ijj)*  fireball  noise 

(Ij^.),  and  ph.ise  sc  i n t i 1 1 .i  t i ons  with  v.ati.ance  v-^  .and  decorri- 1 .i  i ion  time 
1 . Some  .ire  rel.atod  to  the  natur.al  environment:  tropospheric  absorp- 
tiiui  (I..,.),  ionospheric  ibsarptii'n  (included  ,a-.  p.irt  of  I..),  noise  due  to 
.atmosphi-r  i c oxypeii  .an.l  w.iter  vapor  (T,|.),  sol.ar  radiation  K-alai-tic 

r.adiation  (T^.l,  .and  tiu-  e.arth's  ^-tleitive  i;idiating  tem|)erature  (Ij.). 

All  of  these  will  bi-  described  briefly  in  tin-  following  subsections. 

■j.l  NUCl.KAR  AND  1 ONOSl’llKR  1 C KFl-'KCTS 

A stoihastic  c.i  1 cii  I .i  t i on  of  the  etfects  ot  the  ionosphere  and  .any 
nuclear  fireballs  or  debris  ri-gions  on  signals  prop.ig.it  i ng  through  them 
may  be  thought  of  .as  tin-  (livot.al  element  in  the  ROSCOF.  (.'omniun i ca t i on 
Model,  comprising  as  it  doe.s  the  meeting  pl.ice  ot  the  micle.ar  |ihenomeno- 
logy,  sign.al  prop, agat  ion,  and  system  .ispeils  of  the  model.  I'h  i s is  not 
the  pl.ice,  however,  to  discuss  the  det.ails  of  these  c.a  1 cu  1 .1 1 i ons , which 
may  be  found  elsewhere.^  ROSFOK  cont.iins  moduli-s  th.at  c.alcul.ate  t lit- 
electron  density  along  the  ]);ith;  the  locations,  directions,  size  .ind 
density  distributions,  and  motions  ot  siri.iti-il  regions;  .and  n-f  r.ic  t i ve 
prop.igat  ion  through  smooth  or  striated  medi.a.  Combining  these  dtit.i  with 
the  locations,  properties,  and  motions  ot  the  transmitting  and  receiving 
antennas,  it  is  possible  to  compute  values  tor  the  simple  absorption 
(1.^),  beam-spreading  loss  phase  scintillations  (w),  scintilla- 
tion decorrelation  time  .ind  integrated  electron  density  (1  ) along 

the  p;ith  between  these  antennas  at  .iny  given  time.  It  should  be  noted 
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I li.U  t li  i ■;  i;i  I ('ll  I at  i I'll  iiii  liiclcs  I lie  ('llcil'.  al  iiol  li  <1  i s|)c  rs  i vc  timi'  di'l.ivs 
atul  mil ) f /().)( lis-  on  (lie  (iliasc  error  v.  i r i a I i on-. , and  tlieretore  dif- 

t ef'^  1 rom  some  ol  t lie  simpler  models  I omul  in  the  literature,  which 
iiu  lude  ('ll  1 V the  lormer. 

Another  (alciil.it  ion  based  on  the  mu  dear  pheiiomeiio  1 o^tv  provides  a 

Value  tor  till'  ettective  inte>;rate(l  I i reha  1 I thermal  iii'ise  temperature 

(T,,)  as  seen  hv  the  reeeiviiip,  am  emia  tor  ttie  vdveii  litik.  I'll  i s model 
r 

involvi's  the  sizes,  shapes,  t empera  t u ri's  , em  i '.s  i v i t i es  , motions,  and  loea- 
tii'tis  ot  all  ('('11 1 r i I'll  t i np,  t i ri'h  1 1 ) s , the  attenuation  alonp,  the  paths  eon- 
iieitiiiK  them  to  the  receivers,  and  the  appri'priate  hi'am- 1 i 1 1 i np  taetors 
related  to  the  sizi  , '.hape,  and  location  ot  the  antenna  beam. 

S.d  DISI’FRSIVK  l.OSSKS 

When  I'ropapatinp  through  an  ionized  medium,  a time-limited  signal 
experiences  dispersion,  which  alters  its  spectral  content.  It  such  a 
signal  is  then  put  through  a reii'iver  lilter  which  is  matched  to  the  ori- 
ginal transmitted  torm,  there  will  he  a mismatch  and  conse(|uent  energy 
decrease  which  we  can  express  as  a dispei'dve  loss.  Two  distinct  losses 
ol  this  t vpe  are  included  in  KOSCtiF  hv  mean.s  of  sim[)litied  but  generally 
adequate  models. 

The  original  signal  element  is  i dea  1 i z.ed  as  a rectangular  pulse  ol 

length  , and  the  receiver  t liter  is  ide.ilized  as  a rectangular  hand- 

pass  lilter  ot  bandwidth  H . Kven  it  there  is  lu'  dispersic'n,  such  a 

filter  is  not  really  a match  to  the  signal,  so  there  will  .ilways  he  S(.ime 

mismatch  loss,  I.  . i’l'r  I’.SK  modulations  this  primary  mismatch  loss  is 
r 

represented  by  I.,,  = I /q  , where  'i  is  del  ined  hv  Kq . 20'  in  Sec.  6.1. 

r o o 

riie  analysis  leading  up  to  the  di-finition  of  i|  presented  in  that  section 
is  pretty  complicated.  For  FSK  modii  lal  i I'ns , a simpler  lOrrn  <'l  analysis 
is  used  which  in  effect  considers  isolated  i.ingle  signal  elements  .ind 
ignores  the  alterations  due  to  ciuipling  ol  ipias  i -raiuh'm  trains  ol  such 
piilst's  in  real  signals.  The  primary  mismatch  loss  can  then  be  shown  to 
he  given  by 
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It  is  wi‘ 1 1 known  tli.'it  till'  loss  Iniution  ol  Kq . 10  Inis  .i  hroaii  minirmim  at 

X 2.2  (ocjn  i va  1 out  to  t B 1.4),  at  wliiih  point  t ho  mismatoli  loss  is 
aiiprox  imat  o 1 V l.j,  1.2  (O.H  dB)  . If  t ho  lillof  hanclwidth  ditters  from 
this  optimum  valuo  t ho  loss  lartor  will  bo  ;iocord  i n^;  1 y groator. 

If  in  addition  tho  sign.il  I'xpo  r i onoos  disporsion  throngli  travorsal 
of  an  ionizod  region  characterized  by  a total  integrated  electron  density 
of  I , t lion  thoro  is  an  additional  dispor.sivo  loss.  By  making  a qua- 
dratic approximation  to  the*  disporsion  function,  it  is  not  difficult  to 
find  an  exprossion  tdr  this  disporsivo  loss  I actor;  it  turns  out  to  bo 
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t hciiu’,  till’  r.iiTii'r  I rt'<|inMU'v  (llz).  Tli  i s approx  i ni;i  l i mi  is  iisoci  in  t lii' 
Ki'Sro!  nioiii  I . 

i rKOI’OSI’llKKlC  AND  CKI.r.S'i' 1 Al  KITKCTS 

As  t lu-  sipnal  traverses  tile  t ropospli.' re , it  is  siibjeit  to  a loss, 

I .j.  , tine  to  absorption  bv  oxvp.en  and  water  vapor.  Tbe  downlink  antinna 
also  reiH’ives  a Miiise  (omponeiit,  di's  i >.;na  t ed  bv  l.j  , dm'  to  riTad  i .it  i on 
bv  oxvni'ii  .ind  water  vapor.  I lu'  ^alenl.it  ion  ol  these  two  etteets  is  based 
on  enrve  tits  to  empirical  d.ita  on  t hesi'  two  pbeiioniena,  .is  functions  ot 
antiuina  elevation  anule  .and  c.arrier  treijneniv.  Tlu'se  models  wi-re  t.iken 
direct  Iv  from  tbe  .SATl,  codi-,  .ind  will  not  be  reproduced  here. 

fbere  are  also  noise  components,  in  one  or  t lu’  other  reieivinj; 
antenna,  due  to  "re  1 es  t i .i  I " sources,  name  1 v tin-  sun,  the  ^.alaitic  hack- 
^tround,  .and  the  earth  .as  .a  r.adiator.  For  most  Ireipiein  ies  ol  interest 
to  satellite  commiin  i c.a  t i on  svstisns  these  .are  rel.it  ivelv  small  temper. iture 
} increments,  .uul  thi'ir  v.alues  c.an  only  be  .ipp  fox  i m.i  I ed  since  conditions 

varv  with  time  .and  loi.ation.  Ni'Ve  r t lu- 1 ess  , .ipp  i ox  i m.a  t i ons  to  these  thr»-e 
antenna  temjier.it  ures  h.avi"  lu'mi  included  in  RO.Sdtif.  in  the  ittterest  ot 
comp  1 et  eness . 

file  uplink  reieivinj;  .inteiin.i,  looking  down  upon  the  isirth,  does 
not  see  the  sun  or  the  p.al.ixv.  It  set's  the  e.arth'.s  surtace,  r.adi.atinn  .1 
noise  whose  power  c.in  be  related  to  .in  .anteiin.a  t empe  r.a  t u re , rj.  . This 
noise,  which  comes  ori>;itially  1 rom  the  surl.ice  but  is  tr.ansterred  to  the 
satellite  antenna  by  wav  ol  re  r.ad  i .i  t i on  through  the  .itmosphere,  should 
bi'  a function  ot  frecpiencv  t . However,  wi'  h.ive  not  been  .able  to  I ind 
dat.'i  on  this  [dienomenon,  so  in  the  present  KOSCOF  model  we  have  substi- 
tuted .1  constant  temperature,  .appi  ox  i ma  t e 1 v th.it  ot  the  upper  .atmosphere, 
namely  Tj.  . It  .i  mota-  re.alistic  model  should  come  to  our  .itti'U- 

t Ion  it  c.in  I'.asily  be  substituted  for  this  approxim.it  ion,  which  in  the 
me.inwhile  we  ri-lain. 
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Till-  ilownlink  n > i- i v i ii>’,  .mii-mia,  ImikiiiK  up,  riM-civcs  rad  i. it  ion  from 

till"  j’lMU-ial  v,.ilaiii.  lull  k)’,round , and  1 rom  tin-  sun  il  somo  portion  o)  ihi- 

anti-nna's  mainlotu-  ini  n si-i  t s tin-  solar  disk.  Ttio  KOSCOK  modi- 1 s tor 

4 

thfso  i>)ii'nomi-na  aro  taki-n  I rom  a paprr  liy  Hoj;i’,  and  Muinford. 


Tilt"  roll- i vi’d  losmii-  noiso  from  I lio  j'al.-i.xv  a[)pi-ars  as  from  a cniu  in- 
iious  souri'f  covt-rin^;  a larp.o  aroa  of  tlio  -iky,  luit  iiavinp,  an  irUonsity 
wliii-h  varies  witli  angular  di;.tani-i'  (rom  the  palaetie  eenter  as  well  as 
witli  the  earrii-r  iretpieney.  Tiu-re  are  also,  ol  eoiirse,  localized  cosmic 
sources  (radio  stars,  quasars,  etc.),  hut  it  would  not  he  practical  to 
include  a ma|)  of  t hi- i r locations  in  l hi-  KOStTtK.  model,  so  they  .ire  innered. 
Similarly,  the  v.ir  i.it  ions  in  (pilaitie  noise  t emper.it  uri-  with  celi-stial 
latitudi-  and  lon^iluili-  involve  more  c.i  1 cu  1 .i  t i on.i  I compli-xity  th.in  is 
warranted  hy  the  importance  ol  the  ri-sult.  Ihis  is  replaced  by  ;in  approx- 
imate average  temper;! tun-  which  is  a turn  t ion  on  1 v of  tin-  fn-ipiencv: 


T 


r: 


2.h 


10 


14 


■) 
I ‘ 


o 


K 


(15) 


fhe  noise  t empe  r.i  t ure  ol  the  sun  depends  somewlKit  on  the  time  witliin 
the  sunspot  cycle,  ;is  well  as  localized  phenomen.i  such  as  flares.  iKnor- 
in^  this,  we  will  use  the  mean  temperaturi-  of  the  ipiiet  sun,  which  is  .i 
function  only  of  trequenc/.  hmpiric.il  data  ;ire  well  fitted  hy  the  tollow- 
inn  .approximations: 

Kor  f • 250  MHz  or  f 15  (diz  , 
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For  2')(l  Mil/.  f < Ti  Cllz  , 


10 


M, 


f . SIM 

I 


Jn  loK  2 


.0(1  ■ 


lo"'^  - 0.10 
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tli<  t rt  f|iu'H(  v I h<  in);  );ivi'n  in  Hz. 


I'nlfs.^i  t hf  siil.ir  disk  (-(imp  1 >.•  1 1' I v tills  t lu-  r.idnr  bnam,  bowfver, 
tbi.s  is  not  t bo  antonn.i  t iMupi' r.i  t n rt'  soon  bv  t ho  roooivi'r.  In  ordor  to 
t ind  T it  is  lu-ooss.irv  to  tmiltiplv  T_  by  a boam-1  i 1 1 in);  f.actor  which 
liopoinis  on  t ho  si.-.o  and  loiation  ol  tho  .intonn.i  boam  rolativo  to  the  sun. 
It  tho  solar  disk  is  oomploti-lv  outsido  tho  m.iinlobo,  tho  boam- 1 1 I 1 1 
taotor  1 .s  approx  imatt'd  by  zoro;  othorwisi’,  it  is  I'otripiitod  by  a strai)’ht- 
forward  but  ot'mplicatod  littlo  al);orithm  which  nood  not  bo  rojiroducod 
boro . 
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h >:(  INTI  1,1  ATI  HNS  AND  S IK  I AT  1 ON.S 

I!  I 111'  I 11 V i roiiincii  t rcm.iiiis  cunsl.ml  nf  varies  slnwly  in  .'i  stiumth 
manner,  l lie  enmimt  al  i en.s  .ilreaily  ilese  r i bed  ate  sal  lie  lent  In  eomplete 
I lie  nuulel.  Tile  |ireseiiee  ot  st  rial  inn:-  aiul  I lie  alleiulant  sc  i n I i 1 1 a t i (ins 
i nt  riHliieei,  new  il  i M i eii  I I i es  wliicli  must  he  ihsi  I t witii.  1’ ropaj’a  I i (in 
t iiri'iipli  a rej’inn  nl  I i e I d-a  I i p.iied  strial  idns  is  kiKiwn  lo  i n I rddiice  phase 
1 1 lilt  iial  idiis  , 111  ten  nt  cdiis  i de  r.ili  I e magnitude.  At  .i  siitlieieiit  distance 
I rniii  the  striated  r(.‘>’,i(in  ( "pha.se  screen")  these  (an  add  up  t (i  produce 

s i ^;n  i I i cant  ainplitude  I I iic  t iia  I i ons  as  well,  .i  1 I lioiipdi  it  is  not  uncommon 

to  lind  little  or  ik'  amplitude  I 1 lu  t iia  t i on  at  a place  where  the  pha.se 
is  sc  i nt  i 1 1 at  i np,  preat  I v . 

This  is  not  the  place  to  po  into  tin,'  extensive  literature  on  the 
oripins  and  pr(iperties  ot  these  sc  i n I i 1 I a I i ons  . In  any  (sise  there  is 
not  vet  a p,eni'ral  consensus  on  this  sulii(.'cl,  and  the  debate  in  the  liter.i 
tnre  continues  to  be  sometimes  hi.ited.  What  is  neiuled  tor  RtlSdOl'  is  a 
model  which  is  in  pood  apreemeiit  with  i.sxper  imeiit  .i  1 data  or  theoretical 

findings  for  such  (.uses  as  are  widelv  .icceptalile  hv  the  commnnitv,  which 

produces  reason.ible  results  tor  (sises  where  underst  and  i up  rtuiiains  ohsenre 
and  which  passes  smoothly  I rom  one  repime  to  the  other.  It  is  desirtilile 
to  make  as  few  .ad  hoc  assumptions  as  possible. 

1.1‘t  us  consider  now  tin.'  mode  1 i ni',  ot  the  etiects  o|  ]ihasi’  .uid  .impli- 
tude  scintillations  on  the  dipit. il  commiin  i c.i  t i on  svstems. 

6.1  I’HASK  SCINTII.I.ATIONS 

The  KO.ShOK  [iropapat  ion  model  produces  .i  descript  ion  ot  ph.ise  scin- 
tillations which  is  st(ich.isti(  rather  t h.in  deterministic.  The  corre- 
lated |)hase  fluctuations  al  the  receivinp,  antenn.i  are  representi'd  hv  a 

2 

zero-mean,  stationary  (laussian  jirocess  with  v.ari.mce  n"  .ind  decorrela- 
tion time  1 . From  these  two  (piaiitit  ii'S  it  is  possiliU'  to  build  up  a 
picturt’  of  how  a I’SK  commiin  i c.i  I ion  sy.stem  will  he  affected  hy  the  [ihase 
scintillations.  'Ibis  analysis  has  been  verv  well  described  in  two  KSI, 


1« 


t s , ' wli  i 1‘h  this  p.'irt  i>l  t lu*  ROSLDI^  niocic'l  is  primarily  bastjcl. 

wi'  will  i|iu)i>'  t lu'  iumhIccI  ri-sults  in  this  snbsnr  I i on , the  reader 
I ;;  rt’t  erred  to  the  or  ip,  Inal  reports  lor  details. 

As  lar  .IS  i'SK  ,-omniin  i la  t i ons  systems  are  concerned,  we  have  no  in- 
tiwni.it  ion  on  piissihle  ettects  oi  jihase  st'int  illati(")ns  on  tliem,  .and  the 
KOSCOK  model  does  not  cent. tin  ,inv  such  eitects. 

Returning  to  the  statistic.il  mcnlel  presented  in  t lie  MSI.  rejiorts, 
it  is  .issumed  th.it  the  ph.ise  si  i n t i 1 1 a t i on  process  is  represented  by  a 
iirst-order  Biitterworth  power  spectral  density  (I’SD)  iunction: 
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c^ir  r<*sptuui  i ng  to  .an  exponent  ial  .aut  ocorre  1 .it  ion  tunct  ion  ot  the  torm 
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The  two-sided  I’SI)  ot  the  I’SK  modulated  signal  with  the  random 
ph.ase  sc  i n t i 1 1 .a  t i ons  imposinl  on  it  is  called  S^(t)  .ind  is  given  by  a 
comp  1 icat  eii  e.xpression  which  we  shall  not  attempt  to  reproduce  here. 

When  the  signal  is  p.issed  through  the  ri’ceiver's  b.ind-p.ass  tilter  (ol 
bandwidth  B) , it  can  be  shown  that  the  s i gna 1 - 1 o-no i se  ratio  alter  fil- 
tering is  reduced  by  .i  factor  n as  com()arei!  to  its  value  prior  to  the 
tilter.  The  factor  n is  del ined  by 

f +B/2 

o 

n(tB.t/.„.p)  -2  / df  (19) 

f -B/2 
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wh.Mi'  A is  t lu‘  .imp  1 i I iul»'  aivl  t t lii'  t risnuiK  v ol  tin  sipii. 

I li  i s l.ii'liir  ii  is  quite  import.int  lui  the  ifst  ol  t ii  i s iii.ilv? 

■ uiiiitieii  te  expressiiip  tin'  SNK  loss  cliii,-  to  I !•'  t liter  iup  prior 
I. It  ion,  we  sh.i  I I .1  I so  see  it  .ippe.ir  it)  the  .iiialvsis  or  the  pel 
ol  .1  t'l’SK  riemoilu  1 a t or  . 

Witli  a eoiisiilerahle  amount  of  ertOrt,  t lii‘  intC'Hial  in  K.i 

ri  ilui  eri  to  a series  wliose  torrn,  however,  is  not  particularly  I 

It  is: 
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m.iN  VI  11  li.'  iiTi.ij’,  ini-il , the  irr.ition  dI  ,i  ( ominit  rr  suhnuit  i nc  to  fv.il- 
u.iti’  this  liiiU'tion  w.i'.  ,i  r.illni'  >li' I i c.i  I c matter. 

It  sluMilil  he  iieted  that  when  tllefe  .iri‘  lid  -a ' i II  t i 1 1 .1 1 i on.s  (.  = 0 

,■1  - ■>  tin-  luiietii'ii  il'U';  net  heionie  imitv,  hut  t .ikes  on  the  value 


We  h.ive  just  s>-iMi  tii.it  whi'11  I’SK  modii  I a I i uii  is  heiiiK  used  tile  signal- 

td-iidise  r.it  id,  .iiid  lienee  .ilse  the  lund.imeiit.il  par.imeliT  , , prior  to 

ilemodii  I a t ion  is  redueisl  hv  the  taetor  ■ . TIuTilore,  when  regeneration 

is  being  emploved,  the  valiu's  ol  1 .lud  , (the  sub.seripls  standing 

u d 

for  "tiiilink"  ami  "downlink,''  resfieet  ivi-ly)  must  he  replaet’d  hv  (i',, 

• , . when  ev.iluiting  the  error  proh.ih  i I i t i es  I’  (up)  and  I’  (down), 

d d e ' e 

When  regeiier.it  ion  is  not  being  employeil,  we  must  I i rst  determini' 
the  v.ilues  of  ,ind  tor  the  total  eomposite  p.ith  eoiisisting  of 

uplink  .and  downlink  (the  siihseript  T standing  ti'r  "tot.il").  for  the 
v.iri.iiiee  the  eorreet  formulation  is  obvious: 


(21) 


for  the  ilei-orn-l  .It  ion  time,  however,  the  .ippropriate  eomh  i n.it  i on  e.iii  only 
he  estim.ited;  we  use  t lu'  approximation 


1)1' 


1 

I)d 


I 


(22) 


We  (.III  now  use  thesi-  v.ilues  to  eompule  the  I. let  or  ii.j.  lor  the  eomhined 
Iwo-w.ay  p.ith.  fin.illv,  it  e.in  he  shown  th.lt  t hi'  tot.il  received  . before 
demodu  l.it  ion  it  the  g.roiind  receiver  is  given  hv 
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T r w 


MU  I 

'll  ' 

it  (I  M U 


wtiii’li  in.iv  hi’  i'om|Kiri‘il  tu  Im|  . h wiii’i'c  flu*  i*t  li’i't  ot  t liu  toss  t/ictor  'i 

w.is  not  vi’t  known.  I tio  n roti.iti  i t i t v ot  iloinonl  i-rror,  I’  (total)  , is 

o 

oompu  t oit  us  i up  t It  i s , .j. . 

Ilio  ra  I in  I a t i on  ot  i’  , liowovor,  is  not  now  doiu-  hv  moans  of  Ecjs. 

o 

^’a  anti  /ti  tor  I’SK  motlu  I a t i ons  . Tlioso  aro  roplacotl  bv  moro  romp  I i oa  t od 
torms  taking  into  acii'unt  t tio  ottoit.s  ot  t lio  pliaso  so  i n t i I I a t i ons  on  ttio 
domoilu  I a t o r portormanoo.  Apain,  till’  ooniploto  analysos  aro  I oiinti  in  ttio 
KSI,  dooumi’iits  proviouslv  ri' I o ronoi-d ; lioro  only  ttio  rosults  aro  stated. 

For  DI’SK  wo  tirst  dofino  iho  amplitudo  [laramotor. 


and  t lio  varianoo  of  tlio  pliaso  (lit  ii'fonoo  lutwoon  .siiooo.ss  i vo  olomonts. 


,,  2 . I 

2i.  1 - o.xj)  I- 


From  tills  point  ttioro  aro  two  w.ivs  wo  oan  po ; t lio  KDSCOF  niodol  oontaiiis 

hotli  and  allows  ttio  usor  to  solot  t t lio  one  lio  protors.  It  ttio  oalotila- 

tlon  is  dosirod  to  ho  as  dot  orm  i n i s t i o as  possitilo,  siiooossivo  va  1 iios  o! 

■) 

t aro  olioson  I rom  ttio  zoro-tiioaii  Oaussian  d i st  r i tint  ion  ot  varianoo 
and  siibst  i t lit  od  ilirootly  into  t lio  tornnil.i  lor  t’^  , wliioli  now  has  t In- 


V = ,,  FCu.f) 

i’  d 


C’ha) 
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whiT>' 


K ( I . : ) 


cos 


:■)  * ''( 


-0 


(2fib) 


Inii4’,  M.iii’um'.s  "()-l-unc  I i on  . " 

riio  smcos,  i Vo  V. linos  ol  ; nsod  in  this  I'xprossion  aro  computod 
in  such  a wav  as  to  roma  i n a[)iuox  imat  o I v corrolalod,  with  a docor  ro  I a t i on 
t inio  ■ . This  is  done  hv  I lu’  usual  two-point  a|ip  rox  i ma  t i on , as  follows 

lot  t ho  first  va I no  in  this  so(|uonco,  , ho  choson  directly  t rom  t ho 

(iaussian  distrihul  iini.  Tho  soconti  mi-nihor  of  t ho  socinonco  is  tonnd  by 
I'hoosiny,  a now  I rom  t bo  lianssian  distribnt  ion  and  computing  tho 

comb i na  t i on 


‘ 2 


(27) 


wlu'  ro 


K .•  (2K) 

At  boing  tho  time  interval  lu’twoon  sample  I and  sample  2.  Snccooding 
values  ot  ; aro  tonnd  by  iterating  this  procodnrt'; 

; « F;  , Wl  - F^  C’  (27') 

n n-l 

with  .1  now  'f ' (and  F it  necessary)  each  time. 

It  this  qnas  i -dt' t ormi  n i St  i c modi')  is  not  ri'(|nirod,  a moan  value 

ftir  !'  can  bo  calculated  insto.iil  by  integrating  tho  conditional 
o 
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()|  .ill  |)(is.s  i 1)  1 !•  v.i  I ii<-‘. 


I'M'l'.ih  i I i I V o!  i ri  Di  , I’  ( ; ) , I’vcr  t lu'  I'li.M’ml)  1 1- 

t • 

111  ; with  t ill'  i r .ipp  |■l'|>r  i ,i i c p t ' 'li.ili  i I i t i ■ ■ ■ , i . r . , 


(J 


f Jh ) 


Kor 


nrcfss.i  rv 


Tlu'  pii.isi' 


CI’SK  iivslrnis  llii'  |iriit' 1 i-'m  is  moii'  romp  1 i i .it  cil  licT.uise  it  is 
to  I'onsidor  I lu'  pli.iso-liu'kod  loop  (I’l.l.)  in  t lu'  di'motiu  1 .1 1 or 
orror  v.irianci'  at  tlio  d^•moliu  1 .it  or  is  tlic  sum  ol  two  ti'rms; 


( 30) 


2 . 2 . 

wlu'rc  is  till'  vari.inci'  liuo  to  noise  .ilone  in  the  I’l.l.,  anci  is 

: n m 

tile  varianci'  due  to  the  pliise  se  i n t i I 1 a t i ons  in  t lu'  I’l.l..  It  ean  be  shown 
t hat 


4 


13 


where  I3| 


is  the  noise  handwidth  ot  the  I’l.i  . 


( 31) 


This  loop  tuiise  h.indwiilth  can  he  an  input  ipiantity,  hut  it  is  also 

possible  to  compute  its  v.ilui'  in  terms  ot  otlu-r  constants  which  del  ine 

the  desired  operatinp,  characteristics  ot  the  communication  link.  I'hus, 

suppose  the  link  has  to  have  a proh.ibilitv  oi  eleini'iit  error  p,iven  by  1’^^ 

and  that  the  KMS  ph.ise  error  in  the  loop  due  to  noise  alone  luinnot  hi' 

reduced  below  (tvpicallv  5“-|()").  In  .in  ide.il  environment,  t he 

n 

tiindamental  parameter,  , , which  would  be  needi-d  in  order  to  achieve 

o 

the  p.iven  error  rati’  could  be  c.ilculaled  bv  invert  in^  K(| . 7a  in  ihi'  1 orm 


erl  c 


3 32) 
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Tlu'ii  wo  o.in  iiso  K(| . U to  t in!  t tio  ilositiii  |ii(i|)  noiso  li.iiidw  i cl  t h . 


15.  = 


On  1 


n 1 + 


Bt 


( 3 i) 


wlioro  i|  i .s  t ho  va  I no  ot  '(Bl,  / , ) whon  t In-ro  aro  no  sointilla- 

o I) 

tion.s,  i.o.,  a.s  • 0 .and  • 


Now  wo  mu.st  find  o , which  can  In-  oxpros.sod  .is  an  intooral  in 

l.s 


the  form 


"I  = i / 


I 1 - IK  i . ) I “S  ( . ) d 


where  H(s)  is  the  transler  tunriinn  nt  the-  IM.i,  .ind  .S  (.)  i.s  the  I’.SI) 

of  tile  random  phase  modulation  process.  I ho  torm  ol  H(s)  , and  thus  of 

2 H 

o , depends  on  the  order  ol  the  I’l.l..  In  t ho  KDSCOK  model  the  user  mav 

ts 

specify  either  a first-order  loop  or  .i  sooond-ordor  loop  with  damping; 
factor  . it  can  then  lu“  shown  th.il  tor  a 1 irst -order  I’M. 


_ _ii 

1 + 4B 


I,  i) 


(14) 


and  for  a second-order  I’M.  with  damping  l.ictc>r 


2 


p-d  + aBj  i|^) 


(15) 
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I 


will’  Cl 


( \h.i) 


.1 

A-"  + 1 

• iiui 

') 

4"  + 1 

It  I'uKlit  tii  bf  mi'iilioiu'c!  tliat  the  most  i-ominoii  I y t-mploycd  compromisf  bo- 
twoon  stability  and  spots!  of  respoiiso  in  a soi  o!id-('rdor  I’Id.  is  to  mako 
tlio  damp  in  factor 

l/»'2 

Having  found  now  tbc  total  variance  ot  the  I’Id.  phase  error,  we  can 
relate  it  to  the  probability  t)f  element  error  in  the  lollowinn  way.  It 
can  be  shown  that  the  probability  density  distribution  for  the  phase  error 
ol  a t'l.l.  is 


p ( f ) 


_ I cos 

2 r I ( 0 
o 


( i7a) 


whe  re 


n 1/0^  (r/h) 

P 

and  I (x)  is  the  modified  Bessel  function  of  the  first  kiiui  and  zero 
o 

order.  This  equation  is  strictly  correct  only  lor  a first-order  I’ll,  when 

the  input  is  white  noise  plu.s  a .slni*  wavi“  with  t.aus.sian  random  phase 

q 

modulation  havlnK  the  I’SI)  shown  in  Kq . 17.  However,  l.indsey  has  su^wested 


I 


T 


Ili.it  t ti  i proli.iti  i I i f V di’iisilv  •;li>)iilil  b<  idi  i|i..i  l i ■ fn  i iprc  ■■.cut  .sccond- 
I’tdi  t loiip;.,  .il'ic.  in  till  rci'ion  where  the.  .iie  iisn.illy  npi-t.ited,  .'ind 
iisi";  I'<| . 57  lot  tile  I’ll,  of  either  oidet;  wi  sh.ill  do  liki'W’ise. 

Now  we  f.iii  I ind  the  p roh.ih  i 1 i i y of  eli.ii.enl  error  hv  eomhinin);  t h i .s 

with  tin  tormiil.i  for  1’  toi  (d’SK  svnt  em , i-  mod  i 1 i ed  to  t.ike  into 

, *’  I 

.u'loinit  .1  ph.ise  error,  . , n.imelv 

1’^  ( : ) = orl.  (V.  c o:r  • ) ( }H) 

Aver.i>;»-d  over  the  ensemble  o!  po.ssible  ph.ine  eirors,  the  me.in  element 
error  prob.ibilitv  is  p,  iven  b\ 

f’e  = f -I'  (5'^) 

o 

0 

If  a rpia.s  i -de  t erm  i n i St  i e , s i np.  I e-e  I emeiit  v.ilin  were  desiri'd,  we  could 
take  correlated  s.inipli-s  t t om  the  distribnt  ion  of  Kt( . 17  lor  siibst  itiition 

into  Kq . 58.  This  opt  ion  i'.  not  av'.iil.ible  in  the  pri-;.ent  version,  but 

can  be  .Killed  without  niiich  dilficnity. 

6.2  AMP  1,1  TUI) K SCINTI  I.I.ATIONS 

With  respect  to  the  aniplitude  sc  i nt  i I I .i  t i ons  c.insed  by  .1  stri.iti'd 

medium,  a mon*  heuristic  .i|ipro.ich  is  uni  ori  unit  i‘ I y necess.irv,  bec.iuse  no 

sInRii-  theory  or  explanation  is  .accepted  .as  correct  over  the  wholi-  r.anj’e 

of  expected  conditions.  Wh.it  we  are  sei-kinp,,  lor  the  KOSdOK  model,  is  a 

simple  computational  alitorithm  w'lich  yields  re.ison.able  statistics  tor 

the  fluctuatiup,  sip,nal  .■iinplitude  at  all  dist.ances  from  the  ue;ir  lield  to 

the  far  lield  (relative  to  the  striated  repion),  .and  for  .ill  values  of 

■> 

the  |)hase  error  variance  u'  . We  1 i ml  that  ,a  p.reat  nunilu-r  ol  research 
papers  havi-  been  published  on  .ispects  ol  t h i probli-m  over  the  past  20 
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viMis.  Tiii-y  .Ur  very  lii'tiniti  ly  lU'l  in  i.(m|)l<l4'  .i);i  i I'lHi-nl  , iilltti  .irn 
iiin  t rul  i 4 I ni'v  . Yi-t  ii'rt.iin  results,  v.iliil  uiuli'r  spei  ifii  d i I I i-tHiit  loii- 
li  i t i i>ns  , ill)  st'r’ni  1 1'  t i lul  .i4  s ept  ant'e  , We  h.ive  prtu'eeileii  l rom 

these  helK•hm.•^rk^;  to  iiuliKC  .in  ,i  1 p.or  i t Itni  whiih  .iKrees  with  t Item  wh<re  t Iti-y 
are  valiil  and  jiroihu'es  re.isoiial) ! »•  ri’sulls  when  exteinieil  to  reftioni.  where 
t itev  are  inv.ilid.  There  i ;;  no  contt-ntion  heiH'  that  the  alKoriliim  is 
"I'orriit"  or  could  be  rip.orouslv  just  il  ied,  lUilv  ih.il  it  is  n-ason.ih  I e 
and  has  the  ri>;ht  valui's  in  limit  inn  c.i.ses.  Siiuf  the  ex|)er  iment  a I mea- 
siirenunt  s theniselvi’s  iiavt'  not  n''t>*‘t'a  I I y been  very  precise,  we  see  no 
need  at  this  t inii  to  try  tor  any  more  rinofous  rormnl.it  ion. 

rhi‘  heuristic  indinticni  process,  while  interest  inn,  doos  not  be  I onn 

to  this  memorandum  .ind  will  not  be  desiribed  lu're.  We  will  present  only 

the  neces.s.arv  pre  I i mi  nar  i i-s  .ind  ipioti'  the  i-oiii  I us  i iins  . It  m.iy  he  worth 

indicat  inn,  however,  that  the  sources  and  st.irtinn.  pl-ues  lor  this  work 

II  .12 

are  to  hi-  toiind  in  papers  by  MiM'cier,  brinn^’  nnil  I’.irkin,  l..iwrence, 
l.ittle,  .and  tihivers,'  * Sinnleton,^^  Kino  anil  l•■remouw,*  ’ .mil  Valley. 

Consider,  now,  a goomet ry  where  the  transmitter  is  located  on  one 
side  of  -a  stri.ited  n-nion  (sometimiss  re))resent  .ib  I e by  a "ph.asi'  scri'en”) 

.at  a distance  Kj  1 tom  it,  and  the  receiver  is  located  on  t lu-  other 
side  at  a distaiiie  K.,  . We  define  a new  variahli* 


. 6 

R.  + K. 


We  also  define  a par.imeter 


(40) 


A o 
F 2 A 


(41) 
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whiMi'  r is  tin'  t r.itisvi'isc  sc.ilf  si/i*  nl  I lie  s I r i ,i  t.  i ons  . This  is 

.ipprox  i ni.i  t »' 1 V cipi.il  ti>  t lu'  "Krcsin’l  iiist.iri<f"  lot'  t licsf  strialions.  WIuti 

till’  stri.it  ions  .iro  ropi  I'siMit  oil  as  h.ivinp  Clu-snn  t ' s s i /,o  il  i s t r i tint  i on  witli 

n = h ami  ii.iramotor  , t lion  it  can  ho  sliown  that  r . 

o o o 

Till’  ipiant  i t v 

X (42t 


do  t o rm  i no.' 

■j  wiuUlu*r 

Wo  .1  ro  i n t ho 

lar  iiold  (;. 

.;  1 ) . t ho  Hoar  1 

: iold 

(x  1), 

or  as  is 

VO  rv  o f t I’ll  t ho 

oaso , tho  t 

rails  i t i on  ri'p  i on  . 

In  ordor 

to  maki'  tliis  transition  in  a smooth  niannor  wo  introdmo  t ho  Minot  ion 
(not  to  bo  ('ontnsoil  witli  Ma  rcntn ' s "q  I’nno  t i on"  ) 

2 

Q( X (41) 

1 + X 

Now  supposo  that  in  t lio  ahsonoo  of  stri.it  ions  t lio  signal  would  havo 
had  a fnndamontal  parami'tor  ' ~ '‘‘■oiivor.  U'luai  t ho  stri.i- 

t ions  aro  prosont  t hi*  va  I in“  ot  , will  ho  inoro.isod  and  dooroasod  in  a 
t imo-oorro  I at  od  manni>r  as  t ho  lino  of  si^hi  inovos  ;ii  ross  tho  striations. 
To  bo>;  i n tho  oompiitat  ion  ol  , wo  dofino  a normalixod  am|> ! i I iido , 


K 

o 


(44) 


in  tho  absonoo  of  striations. 


(Jivon  that  tho  striations  prodiioi-  phaso  so  int  i 1 lat  ions  with  varianoi' 

2 

p , wo  noxt  dofino  tho  parami'tor 


A 


2 (Kx)ti^ 


(45) 
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I'll  i is  I 111'  111'. Ill  ot  till'  lii'iiri.'-t  ii'  .1 1 v.i't  i t tini.  Tlif  stri'H^tli  (if  I lii'  sciii- 
I i 1 .1 1 i i>ns  is  I'ssi'tii  i .1 1 I V coiit  .1  i lU'ii  in  tin  i.ulor  i , wliilc  itif  larlor 
i>(xt  t.iki's  i.irc  111  till'  ill'll!  iidiPii'  I'll  iii'.i  I - 1 i i- 1 il  / 1 .1  r-l  i i' 1 (I  d i st  .iiu  i- . We 
i nl  ii'dini'  till'  iini  ni.i  I i 7i'd  .ini|i  I i I iidi's 


r 


(46a; 


and 


I 


R 

11 


( 46h ) 


Hi-ri',  I’  is  till'  amplitndi'  ol  that  port  inn  ol  t hi'  signal  which  remains 

in  till'  "spi'i  iilar"  i iimponcnt  and  1,  ri'pri'si'iil  s the  "diffracted"  ciimpii- 

2 

neiil  in  the  -a'lise  that  is  the  vari.iiui'  ol  this  i n t e r I I'rence  term. 

It  will  hi'  noted  that  conservat  ion  ot  enerKV  is  satisfied,  since 
I 1 ) 

1'^  + ; 

1 o 


Now  another 
.ici  ept  I'd  t ha  t i n 
ratiire  component 
X • ' 


complexity  eiiti'is  the  picture.  It  is  generally 


the  tar  fii'ld  the  in-ph;isi'  component 


( ) of  the 

y 


si  - 1 nt  t 


at  ion  no  1 se 


are  etpial 


(inad- 

as 


2 2 12 

X y 2 T 

and  Rfcian^^  st.-itistics  are  valid.  At  closi'f  distances,  there  is  evi- 
dence that  more  of  t hi-  energy  goes  into  the  (pi.-tdratiire  component  at  the 

2 2 

expense  of  the  in-plwlse  component,  i . i' . , for  x 'x* 

To  represent  this  phenomenon  we  make  nse  of  a result  due  to  Valley. 
Let  it  be  stated  at  the  ontsi't  th.it  wi'  do  not  siijipo.se  this  theory  to  he 
a "correct"  represmitat  ion  of  the  re.i  I situation,  but  only  that  it  pro- 
vides .1  convenient  approximation  which  accounts  for  the  tr;tnsition  and 
is  probably  as  good  as  the  current  state  of  data  metisurement  warrants. 


16 
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Kolli'winv,  Valiev,  I lien,  wi'  write 


IKx) 


(47a) 


' > 1 - M(x)  a,,. 

V 1 


(47b) 


wluT»' 


H ( X ) x)'  ( X ) 


f sin  L 

J I + X 


This  tiinction  f(x)  is  related  1 1'  the  Sine  and  (iosine  Integrals,  and  its 
properties  are  (iisciissed  in  See.  S.2  of  the  Handbook  of  Mathematical 
riinct  ions . 


Finally,  iisiny,  these  values  iif  F,  r, ^ , we  eominite  the  normal- 

ized output  amplitude  K .and  thence  tin-  output  fundamental  parameter 
r . If  we  can  iitnori-  the  time  correlation  ot  successive  samples,  this 
is  easily  done  as  follows:  select  random  numliers  S anil  S from 


zero-mean  (iaiisslan  distributions  with  variaiu'es 
Then  compute 


a and 

X 


, respectively. 


2 2 

(1>  + S ) + S 

X y 
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anil 


') 

I BK“ 
9 


In  oriUr  to  incliiili'  the  illfits  ot  t inn-  cor  re  I at  i on , wo  procooil  as 

viously  iloscriboil  lor  tin*  corrolati'd  phaso  aaniplos  (page  23).  I'ho 

samplos,  ^ I ’ ■‘^oloctod  as  abovo.  SuccoodinK  samplos,  S 

S , aro  computod  I rom  llio  t’ormnla 
yn 


S 

xn 


’■^x(n-l)  ^ 


whore  = t lie  now  samplo  from  t lio  (laussian  distribuLion 

S , , . = t bo  prior  compnU’d  value 

x(n-l) 


and 


F exp  (-At/ I ij) 


and  its  counterpart  lor  S 

vn 


(31  ) 

pro- 

first 

xn 

(52) 
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7 


INPUTS 


Tlu'  satrllitf  I'unimim  i cal  i on  s moilcl  can  In-  inn  liv  ‘^cltinn  np  t ho 
proper  FI.KXKI'.I)  "tree"  st  me  t nia-  in  the  input  .a  ream.  Tlu'  user  starts  by 
putting  a I'ommun  ieat  ion  evinit  ilataset  on  the  I'Vent  list,  and  then  satis- 
tii’s  till'  data  input  reipi  i ri'ment  s that  emanate  1 rom  this  dataset  by 
inputting  live  Inrther  d.itasets:  (1)  the  uplink  dataset,  which  del  incus 
the  parameti'fs  tor  tlu'  niilink  t ransm  I t t er-rec,.  i ver  pair;  (1!)  the  downlink 
dataset,  which  I'ontains  similar  parameters  lor  the  downlink;  (1)  the 
transmitter  platlorm  dataset,  which  gives  the  po-.ition  ot  the  ground 
t r.insm  i t t ef ; (4)  the  satellite  platlorm  datu'ut,  which  gives  the  satel- 

lite's starting  I'osition  and  orbital  parameters  (it  appropriate);  and  (5) 
till-  receiver  platlorm  datasi't,  which  gives  the  position  oi  the  ground 
receivi'r.  The  contents  ot  these  datasi'ts  ari'  del  i ned  in  detail  in 
Appenilix  A. 

An  exam[)le  data  deck  tor  the  commun  i < ;i  t i on  model  w;is  set  up  to  test  the 
code.  It  was  generated  hy  mod  i I y i ng  the  nominal  lIKdlAl.T  data  deck  des- 
cribed in  Volume  1.  Ihi’  listing  beginning  on  the  next  page  shows  the  set 
of  UPDATK  change  directives  used  on  the  KOSt'DU  DATDKK  file  to  [iroduce  the 
example  input  <leck. 

Utirci  4 introduces  a new  scale  t.-ictor  lor  converting  inputs  in  w.itts 
to  the  internally  used  ergs/second.  U.irds  (i-b  .ire  tlags  for  diagnostic 
output  in  the  new  communications  event  overlays,  and  c.irds  10-ld  denote 
overlay  number  as  a function  ot  event  number. 

The  ch.mges  included  in  cards  I i- 12  est.ihlish  the  communications 
outputs  ;ind  their  formats,  discti.ssed  in  .Sec.  H.  U.ird  14  is  a d.itasi't 
pointer  to  tlu*  communications  event,  wliich  pl.ices  the  lirst  communications 
event  on  the  input  event  list.  Subse(|uent  communic.at  ions  events  will  be 
generated  by  the  program,  using  the  time  sti'p  i ti  the  communications  event 
dataset  (Card  44). 
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40  r.vcnt  time  tor  lirst  conimmi  i .-.i  t i oii  cviuil 

4 1 -4  i tV'iiitfi's  1 11  I’.ri’und  t r.iiism  i t I i t , s.i  t c I I i L i’ , .itui  j'round 

fcci  ivcr  |>l.it!urin  <l,it.isi'is 

44  TinU'  stc]!  hctwi'cn  '.ubsctnu'iu  ci'nniun  i i .i  t ifin  events 

4')  Mnilulat  ion  typi'  (Cl’SK  for  colieri.iil  pli.ise  sliitt  keying, 

Ol’SK  tor  il  i t ! I'fent  i.i  1 idiase  shift  keying,  or  KSK  for 
t retpitMicy  shift  keying) 

4b  Hi'genera  t ion  flag  (YKS  tor  signal  regeiuTat  ion  ;it  satellite, 

N'O  i f not  ) 

47  Coherent  I'SK  flag  (YKS  tor  coherent  KSK  moiiulation,  NO 
o t he  rw'  i se  ) 

48  Kully  deterministic  mode  tlag  (YKS  tor  fully  deterministic 
simulation,  NO  ot herwi se--see  Section  b) 

49  Constant  zeta  (a  constant  used  in  the  second-order  I’KK 
mode,  I'urrently  set  to  0.707) 

50  Order  ot  I'l.K  (KIKST  for  tirst-order  [ihase- 1 ocked  loop, 

SKCONJ)  for  .second-order ) 

51-52  Pointers  to  the  uplink  and  downlink  datasets 

51  S[);tce  for  six  variables  computed  internally  (input  b.O 
zeros) 

54  Initial  value  ot  T1  (set  to  -10  on  input  for  initialization) 

55  Initial  value  ot  12  (si‘t  to  -10) 

5b  Space  for  nine  internal  variables  (input  9.0  zeros) 


1^1  ink  Dataset  (C.trds  57-81) 


58  Transmitter  power 

59  Transmit  ti-r  t recpiency 

bO  Transmitter  gain 

bl  Receiver  gain 

b2  Transmitter  loss  factor  (between  transmitter  and  its 

tintenna ) 


T1  and  T2  are  used  Internally  for  keeping  track  of  the  times  at  which 
data  s.imples  are  taken  (tor  time  correlation  purposes). 
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Spare  till'  ri'reiver  arUei\iM  htiri-.a  i I’la  (enter  i.O  zeros) 

B i I |)fr  i oil  lor  u|'  I i nk 

IK  Miter  hamlw  i il  t h 

Banilwiiilh  lor  phase  lorkisl  loiip 

Beaniwiilth  ol  t raiisiii  i I l er  antenna 


7f)  S i^na  1 -to-no  i se  threshold  lor  ireeptin);  signals 

7 7 Keri'iVer  -■-‘idelohi'  ieVi'*l 

78  Spare  lor  hit  lOTor  and  (tha.se  irror  rompnted  internal  Iv 

( i nptit  2 .0  Zeros  ) 

70  Keri’iver  noise  t iTiipera  t ti  ri,'  tenter  value  here  or  initer  noise 

lip.nre  and  physiral  t empi'fa  I n re  ol  rereiver  in  the  next  two 
words ) 

HO  Spares  tor  noise  tippiri'  and  phy.-;iral  t I'lnpe  ra  t n re  (enter 

2.0  zeros  il  noise  temperature  is  inimt  above) 

HI  Spares  lor  internal  ralrulations  (enter  '52.0  zeros) 


Dovailinjt  Dataset  (Cards  82-106) 

Same  type  ot  dat.i  as  lor  t lu’  uplink  dataset 

transmit  te_r  I’latlorm  Dat.aset  (Cards  lOH-IlO) 

109  lyi’r'  platiorni  (eiitei  I'l.XKD  lor  a plallorm  I ixed  will) 

respi'i  t to  the  earth.  Other  opt  ions  are  ClkCUhAK  tor 
circular  orbits,  OKBII'AI.  or  Kid.  1 1’ K I CAI,  lor  elliptic  orbits) 

lit)  I’osition  ot  the  1 i xed  plat  torn)  (Note:  other  t vpes  reipiire 

additional  inputs  (see  de  r i i p | i ons  ol  dat.isels  I’l,  r2,  1’ 5 , 

and  l’4  in  Aiifiendix  A) 
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A siiiKli-  i>nl|iul  t.ililf  li.is  liccii  com:  t rue  t I’li  to  ilispl.iy  the-  communi- 
it  ion  I'csu  1 t s . The  tofiii.il  iic.se  1' i hoii  in  V'oliinic  I ol  t li  i s nmniinl 

is  usci! ; it  sets  tip  ,1  ni.ixitmim  ol  ten  colnnin  iie.id  i ni’,';  .ind  displ.iys  .iny 

v.iri.ihles  tile  user  spei  i I i es , in  t lie  li'tni.it  ileliinsl  in  t lie  input  deck. 

I'lii  the  commnn  i c;i  t i on  model  these  outputs  .ire  Kiven; 

tiolnnin  I O'i'*'  ”'itpnt.  i’roKr.im  prii'ts  t lie  mess.i^e  fdl.M-KKCiliVT)  it 

the  commnn  i c.it  i ons  ,iri’  received,  or  T I’-h  I M riT’.l)  or  I)N- 
I.IMIIKI)  it  the  sip.n.il  noise  drops  he  1 ow  ;i  spi'cified 
thri'shold  in  I'itlu-r  the  uplink  or  downlink  direi-tion. 

Column  2 ^imi^^ol  tUitpnt.  The  eng.ip.ement  t inn.-  lor  this  line  ol  ont|nit. 

Column  i L'p  1 i nk  J^oss  J'.ic  t or  . ll[)link  jirop. ig.it  ion  loss  t.ictor  (dh) 

Column  4 Cp  Ij  nk^  Sc  i nt  i 1 1 .1 1 i on  . St.iiul.ird  (levi.it  ion  ol  ph.ise  sc  inti  1- 

1.1 1 ions  .1  Meeting  uplink  ( r.id  ) 

Column  S hiiwiilink  Loss  I'actor.  Downlink  p rop.ig.i t i on  loss  l.ictor  (dH) 

Column  h Dow^ilink  Sc  i n t i 1 I .i  t ion.  Sl.indard  ilevi.it  ion  ol  ph.isi'  sein- 

till.it  ions  alt'ecting  downlink  (r.iil) 

Column  1 I’roh.ih  i IJ_t  v ol  lirror  S.itellile.  I’roh.ih  i 1 i I v ol  I'limient  error 

in  reci'ived  signal  deniodii  1 .1 1 i-d  .it  the  s.ilellite  (lor  regi'iu'f.i- 
tive  systems  onlyl 

Column  H I’roh.ih i I ij^  ol  Krror  Cround.  Trtdiihility  ol  I'lemeiit  error 

in  received  sign.il  demodu  I a t (.-d  .it  the  g.roiiiui  .ilti-r  rejti'tierat  itui 
;i  t t he  s.i  t e 1 I i t e 

Column  9 I’roh.iJ) i IJ^t y ol  lirror.  Trohahililv  ol  elemmit  error  in  receivisl 
s i gn.i  1 

Till-  output  [irodiiced  hy  nintiitig  the  IIICHAi.T  d.it.i  deck  (Vol.  I)  with 
the  mod  i I i (.It  ions  di'Sirihed  in  tin-  preci-ding  set  t ion  is  shown  on  the  tiext 
page.  The  s imii  I .It  i on  st.irts  at  ;t  time  1 (>  1 2 setonds  with  the  lirst  communi- 
c.it  ions  event.  A l.irge  hurst  goes  oil  at  I h20  seconds,  diri'ctly  above  t lu' 
transmitter.  I'ortv  sis'onds  latio',  the  satellite  passes  over  the  t r.insm  i t t er . 
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Al’l’KNDIX  A 


COMMUNICATIONS  DA lASKTS 

ITie  1 1>  1 1 i>w  i II)'  |i.i)',«'S  (-(Mit.iiii  llif  "DSCKI!’"  r.irds  fur  datasets  which 
arc  at  dirci't  use  Im  I'ommiin  i ca  t i ans  c.isi-s.  OSCRll’  cards  are  discussed 
in  Vol.  i of  this  niaiiual.  The  C'i,  CU,  Cl),  OC,  and  l’4  datasets  are  new, 
haviii);  heen  adilcd  to  the  basic  ROSCOK  DSCRIT  ! Me  for  the  communications 
version  iit  the  loilc.  The  IM,  i’J,  and  I’ J ilatascts  arc  not  new;  they  are 
included  hert-  onlv  iiecause  t hev  re|'rcsent  alternate  moiles  ot  platform 
input  for  common i cat i ons  cases. 
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• / 

NE»  p«  POSITION  0*T»8ET  fop  SATELLITES  (ELLIPTICAL  c*BIT8) 

M nTyPE  Type  CE  POSITION  CALCULATION  ( • ELLIETICAl  IN  TmIS  CASE) 

B PEBD  OPBITAL  PERICO  OE  SATELLITE 

» aInC  Inclination  angle  oe  Orbit»l  elane 

B ASCN  longitude  oe  ascending  node  (At  T p 0) 

P ARGP  argument  oe  perigee 

• PEBAL  PERIGEE  altitude 

B T“PE»  ti«e  c»  perigee  Passage 


Al’l'KN'DIX  li 


MODI  KICAI' IONS  TO  I’KOCKAM  STKUC'l'llRK 

DfVi' lopiUfiU  (<t  t lu'  lomniiin  i ral  iDiis  vt'rsit>n  of  ROSCOK  rLijiiirfcl  modi- 
liiMti..ns  to  iiitu'  ro.itinos:  COl.l.K.  KVPROC,  KD/.INC,  OUTRTN,  IM.TFRM,  I’OTSOI., 
RF.KRCr,  RKFIS,  .iiul  ROSCOF.  In  .ulilition,  21  now  roiitinfS  were-  added  and 
ttiree  new  overlays  were  re(iu  i red . Additii'iial  datasiOs  were  added;  these 
.ire-  deserihed  in  Appendix  A.  Tliis  appendix  contains  flow  iliarts  and 
detinitii>ns  ol  svmhols  tor  tlie  kev  rontines  ol  t lii‘  common  i eat  ion  model. 
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Dclinition  I't  Svmbi)ls  in  Siihi  out  i no  (^OMIN  (dommim  io.it  ions  i n i L i a 1 i /.a  t ion ) 

r Koooivor  no i so  t omporat uro  of  satoliito  roooivor,  °K 

KS 

T Roooivor  no  i si-  t oniporat  uro  of  p.rounil  ri-ooivor,  °K 

K( » 

T StaiKiarii  rofoii'iioo  t ompora  l nia-  ."JO  K 

o 

NK^  kts'oivoi-  noiso  lipnrt’  tor  satillito  n-ooivor,  ilB 

NI'Y  Kooi’ivor  noiso  t ippiro  lor  ^ri)uiul  ri'oi  ivor,  dii 

i'|jj,  I’liysioai  tomporatnri-  of  saliliili  ri'ooivor  front  ond  and 

transmission  lims  (dofanit  valno  = 

I’liysio.il  tomporaturo  of  ground  roooivor  front  i-nd  and  trans- 
mission liiu's  (dofanit  valui-  = d‘i()°K) 

r Nomin.il  svstim  noiso  t iMiiporat  nti  for  uplink  (satolliti' 

NL' 

ri’oo  i vor ) 

T Nominal  svsti'm  noiso  tomporaturo  tor  downlink  (jtrouiui 

NI) 

roto i Vor) 

1,^,,^  Systora  (lino)  loss  hotwoon  satoliito  roooiving  antonna  aiui 

satoliito  t ranspomior  ' s IF'  amplitior 

i.j^  j Svstoin  (lino)  loss  hotwoo'ii  ground  roioiving  antonna  and 

ground  roooivor's  II'  amplitior 

I’rooomput  ah  lo  .signal  paramotor  lor  t ho  uplink  sig.nal 
rooo  i vod  a t s,]  1 1'  1 1 i t o 

I'rooomputab  I o signal  p.iramotor  lor  t ho  downlink  signal 
root- i vod  .it  ground  tormina! 

t "hamma,"  a fundamontal  paramotor  lor  dig,ital  oommun  i oat  i('ns 

svstoms,  dofinod  as  I'  /N  , t ho  ratio  of  total  avoragi- 

ho 

roooivod  onorgy  por  signal  oli-mont  (bit)  to  noiso  powor  pt-r 
unit  l>andwidt  h 

C Spood  of  liglit 

Total  avora>’,o  radiatod  KK  powor  at  ground-t  ormina  1 trans- 
mitting antontia 
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■pu 


Si(X) 


.) 


Tnt.il  <1  vcritjc  r.iil  i .1 1 I'll  l\i''  powit  ii  ..i  ( c I 1 i 1 1-  t r.uism  i t t i 
anti'iin.)  ( i-una  i i I'll  inr  any  "iKicknll"  whicii  may  In'  ri'iiniri'ii 
liv  1 Pi  I'lnii'ni  V liiviniini  Mull  i|>l.  Arri'ss  (Pl)MA)  system  to 
prevent  serioii'i  iiit 'rmoiln  I at  ion  i!  i or  t i on  ) 

On-axis  )Min  ol  >;roiin(l  t ransm  i t t i ny,  antenna  beam 

On-axis  ya  i n ot  satellite  rireiviny  antenna  beam 

On-axis  yain  ot  s.itellite  transmit  1 i ny  antenna  beam 

On-axis  ya  i n ot  yronnci  receivin’.-  antenn.i  beam 

Bit  period  (element  lenytb)  lor  niilink,  s 

Bit  period  (element  lenylb)  lor  downlink,  s 

Preijnenev  ot  yronnd-t  rtinsm  i t t eil  (njilinkl  HP  signal,  Hx 

Pretpiency  ol  sa t e I 1 i t e- 1 ransm i t t ed  (downlink)  KP  signal,  Hz 

System  loss  belw/een  ground  transmitti'r  and  its  antenna 

System  loss  between  satellite  transmitter  and  its  antenna 

Boltzmann's  constant  = 1 . SHOtidll  10  ^ .1/°K 

IP  1 i 1 I er  liandwidtb  ol  satellite  receiver 

It  tiller  bandw'idtb  ol  ground  receiver 

Pilter  mismatcb  loss  at  satellite  receiver,  due  1 1'  using 
a (rectangular)  bainli>ass  tiller  rallier  than  ;i  matched  one 

Pilter  mismatch  loss  ,it  ground  reci'iver 

N 

Integral  I miction  (sin  t)/l  dt 

u 

Aiilenntt  pointing  angle  oil  boresigbt  lor  antenna  tvpe  .1 
(initialized  to  zero  here) 

• < I 0 always  for  steered  dish  anti'nnas 

' .1  =1,  ground  transmitting  antenna;  .1  = 2,  satellite 

receiving  antenna;  .1  = I,  s.iti’llite  transmitting  antenn 
.1  = 4,  gronnd  riweiving  antenn.i 
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CI’SK  "lliilii'i  tMit  pli.isi'-sli  i I t ki-vinv,  " miuliil.il  ion 

I’l  l.  "I’li.i.so  loi  koci  loo])"  ii.soil  in  ilomodnlat  in^:,  a (d’SK  si>’,nal 

1’  Dosiroil  liit  (,'rror  r.ito  lor  oominnn  i ca  I ion  om,  ova  1 n.it  f<l 

o 

at  till'  gronrul  roii‘ivor 

K.MS  nha.so  orror  dno  to  noiso  in  vronnd  rocc  i vor ' .4  PI, I,,  rad 
n 

I ''(i.imma"  (nioa.snrod  insl  prior  to  t ho  ri-co  i vor ' .s  domodn  I a t o r 

Ol' 

in  tho  absonco  of  .scintillations)  roqnirod  to  prodtico  bit 

orror  rato  P lor  tiio  (d’.SK  svst  om 
o 

Par.imi-tor  comimtod  bv  I'nnction  iVI'A,  I’V.ilnatod  boro  in  tho 
o 

absonco  ol  sc  i nt  i 1 1 .a  t ions 


P 

os 


ns 


N’oiso  bandwidth  ol  ground  rocoivcrV^  PI, I,,  llz 

Dosiroil  bit  orror  rato  .at  tho  s.itollito  roci'ivor  if  roKonor.a 
tion  is  being  omployod 

R.MS  phaso  orrt)r  ilno  to  noisi-  in  s.itollito  ri'coivor's  Pl.l.  it 
rogonortu  ion  is  being  omployod,  r;id 


B 


l.S 


Noise  bandwidth  of  s.atollite  rei'O  i V'er  ' s Pl.l.  it  regoner.a  t i on 
is  being  emp loved,  llz 
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S imu 1 at  ed 
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g.rounil 
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Ve 1 oe i t V 
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ground 

receiving  anti-nna  at 

t ime  t 

llpl  ink  point  ing 

Vt* 

clot  t torn  ground  t rattsm  i t t er 

to  satell 

i te 

at  1 ime 

t 

>^1, 

Down  1 i nk 

po inti ng 

vei  t or 

I rom  satellite  to  ground  receiver 

u 

’u 

s ,s 
ou  1)1) 


K 


I, 


I) 

I’l) 

1)1) 


;it  t iwf  l 
Aiiti’iiii.i  cii'S  i >;n;i  t or  : 

• 1=1,  t ransm  i t I i I i;  .nitcima;  .1  = 2,  satollito 

rc'cyivinK  antenna;  .1  = i,  satellite  transmitting  antenna; 
.1  = 4,  ('ronnii  rei-eiving  antenna 

Sin<‘-spaee  etn) rd  i na t I'S  of  current  .ixis  of  anti'nna  beam 
pattern  lor  antenna  .1  (=  (0,0)  lor  ni)n-i)hase(l  array  antennas) 

See  definitions  for  Subroutine  I'.OMIN 

Katio  ot  bit  energy  to  noisi'  power  dinisily  tor  uplink 
Ratio  ol  bit  energy  to  noisi-  power  density  for  downlink 
I’recoinpnt  ed  constants;  see  di- 1 i n i t i on;;  tor  Subroutine  OOMIN 
t/piink  range  from  ground  transmitter  to  satellite  = |k 


Downlink  range  from  satelliti-  to  grounil  receiver 
Downlink  propagation  loss  laetor  (ratio) 

Downlink  ilisperslve  loss  laetor  (ratio) 


R 


U 


1) 
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Downlink  .inlnnna  no  i so  t omin't  ,i  t nro,  K (nnasurod  in  Kfonnd 
rorc  i V ill)’  .mt  onn.i ) 

Standard  licviation  >'l  pli.isi-  si  i nt  i 1 I .it  ions  atloctin);  down- 
link, rail  (a’  ajmi'd:  ;’i  ii'-nioan.  (^iiissi.in  random  ptiaso  proi  oss) 

Di’i  orti' I a t ion  t iiiu  lot  ’.i  int  illations  affecting  downlink,  s 

Si’o  dot  in  it  ions  lot  Sutiroiitiiu  CnMIN 


l'|ilink  i'ropavat  ion  loss  larlot  (latio) 

I'lilink  disporsivi'  loss  tai  tor  (latio) 

I'l'llnk  anli’tina  noi',-  t I’n.iiirat  uro,  K (mi-.isnri’d  in  satellite 
rei’e  i V i ng  ant  onna  ) 

Standard  deviation  I't  pliase  se  i n t i 1 I a t i ons  altiTting  uplink, 
rad 

Dei  or  r i' I a t i on  time  lor  si  i nt  i I I at  ions  alteeting  uplink,  s 
See  del  ini  t ions  l('r  Sulirontine  CUMIN 


Parameter  (si’e  Delow)  eotnpnt  ed 
U’  U'^  Dl!’‘  ll^ 

Parami’ter  (see  below)  eompnted 

' D’  1)^  1)1) ’ 1)^ 

Parameter  ' (si-e  below)  lomputi’d 

' ^*^1)  D’  D^'dT’  1 ^ 


I or  up  1 i nk  [la  t li : 


l or  down  1 i nk  p,i  L li : 


lor  total  path: 


Pbase-sh  i i t keving 


Standard  deviation  ol  phase  se  i nt  i 1 I a t i ons  .itleeting  total 
path,  rad 

Deeorrelat  ion  lime  tot  si  i nt  i I I .it  iotis  atfeeting  total  path,  s 

Kundament.i!  taitor  relating  to  [di.ise  se  i tU  i 1 lat  ions  afleeting 
PSK  modul.ited  siv’itals;  deliind  to  lie  pro|ior t iona  1 *o  the  in- 
tegral ol  t tu-  powir  sp.  . t'll  ill  tisiiv  lutietion  ot  phase- 
distorfiil  signal  .it  tit  ti.is>.lug  t lirougti  the  IK  tiller 


Kalin  ot  bit  <‘iuT);y  nnisi'  powiM'  ciciisily  lor  total  path, 
I'ompiitiHl  jiiKt  prior  to  ground  ri'Co  i vc-r  ' s di>ti‘c!or 


'T 

I’j.  I’rohability  of  olominit  orror  in  rt'ci'ivi'd  sij'.nal 

I Rat  ii'  ot  bit  luiorgy  to  noise  powei  Lliuisity  computed  just 

prior  to  satellite  receiver's  detector  (regenerative  systems 
1)11 1 y ) 

Ratio  ot  bit  energy  to  noise  power  density  for  downlink  path, 
computed  just  prior  to  ground  receiver's  detector  (regenera- 
tive systems  only) 

Probability  of  element  error  in  received  signal  demodulated 
at  the  satellite  (regenerative  systems  only) 

P Probability  of  element  error  in  received  signal  demodulated 

h(t 

at  the  ground  alter  regeneration  at  the  satelliti- 
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Figure  B.3.  Flow  Diagram  for  Subroutine  FADE — Computes  Correlated  Fades 
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Di't  i n i t il'ii  dI  Svmbols  in  Siilin'ul  i nr  FADK 
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M.inii.iiil  (lrvi.it  ion  ot  pli.isr  s(  i nt  i 1 1 1 1 i on.s  .i  1 t fr  I i i4>,  this 
link,  rnd 

W.ivr  I rn);t  h ot  up  I i nk 
W.ivr  1 rnj',  t h ot  downlink 

Sl.inr  rniiHo  Iron)  p.ronnd  t r.insm  i t t i n^  antrnn.i  to  stri.itrd 
rr^ion 

Slant  r.ingr  t rom  ground  rr(civing  intrnna  to  stri.itrd  rrgion 

Uplink  rangr,  from  ground  transmitting  antenna  to  s.itrllitr 

Downlink  rangr,  t rom  .salelliti'  to  ground  receiving  antenna 

Parameter  ajiiiearing  in  striation  si/e  distribution;  currently 
set  eijua  I to  1 km  in  a DAT.X  statement 

Function  lIFUb'  (see  subprogram  tlow  diagram) 

”t irae"  of  this  event 

(iaussian  probability  distribution;  notation  S^f  (1(0, 
means  "draw  a random  number  S^  from  a /ero-mean  (laussian 
distribution  with  standard  di'viation 

Stored  mi-asurement  time  lor  t imi'  correlation  calculations 
bast  measurement  time  for  time  correlation  calculations 
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T 


tE:  = 7.241163  = 2.463936 

b,  = 9.068680  = 7.157433 

y = 0.5772156649 

Figure  B.4.  Flow  Diagram  for  Function  HFUN 


Figure  B.5.  Flow  Diagram  for  Program  LNKLOS — Computes  Absorption  and 
Noise  Losses 
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Figure  B. 


Flow  Diagram  for  Program  LNKSCNT — Computes  Scintillation 
Effects 
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LNTfK 
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Figure  B.7.  Flow  Diagram  for  Subroutine  NOISY — Computes  Antenna  Noise 
Temperatures 
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Figure  B. 
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CONSTANTS 


C = 2.515517 
0 

= 0.802853 
= 0.010328 


= 1.432788 
= 0.189269 
d.,  = 0.001308 


Source:  Abramowitz  & Stegun,  26.2.23. 


Flow  Diagram  for  Function  INVERC-- Inverts  the  Error  Function 
ERFC  (Z) 
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Figure  B.9.  Flow  Diagram  for  Subroutine  PERO — Computes  Probability  of  Bit  Error 
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Figure  B.IO.  Flow  Diagram  for  Subroutine  TROP — Computes  Tropospheric 
Absorption 


Xl).  Xp,  Lp^,  Lppj  are  real  quantities  which  were  computed  in  "INITIALIZATION" 
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Figure  B.ll.  Flow  Diagram  lor  Subroutine  XLI) — Computes  Dispersive  Loss 
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